of A in conformity with the simplest available treatments of electron-electron scattering (22, 23) . Figure 3A compares the magnitude of ℓ quad in SrTiO 3-d with that of other Fermi liquids (see tables S3 and S4 for details). In a multicomponent Fermi surface, a complication arises because there is a multiplicity of Fermi energies. When the Fermi surface occupies a large fraction of the Brillouin zone, one can assume that there is roughly one electron per formula unit, and it is possible to extract the Fermi energy from g. Thus, one can estimate the order of magnitude of ℓ quad in dense heavy-fermion and transition metals. In Fig. 3A , these metal types lie close to the horizontal lines that represent the Kadowaki-Woods ratios in the two families (2) (3) (4) (5) (6) . Figure 3A also includes data for the Fermi-liquid unconventional superconductor Sr 2 RuO 4 (24) , the heavily doped nonsuperconducting compound La 2-x Sr x CuO 4 (25) , and the YBa 2 Cu 3 O y cuprate at a doping level of p = 0.11 [in which resistivity is T 2 (26, 27) and the Fermi energy of the small pocket seen by quantum oscillation has been quantified (28) ]. We have also included reported data on bismuth (29) , graphite (30) , and arsenic-doped germanium (31) . Figure 3A shows that ℓ quad lies mostly between 1 and 40 nm. Its magnitude can be linked to the microscopic details of momentum decay by scattering in each system. Using Eq. 2, we have also extracted the collision cross section of electrons in SrTiO 3-d from the magnitude of A and the measured radius of the Fermi surface. Figure 3B shows variation of the collision cross section as a function of their Fermi wavelength. If the electrons were classical objects bouncing off of each other, s cs would have been 2pl F 2 . Our data are inconsistent with that classical picture; Fig. 3B shows that s cs is much smaller than 2pl F 2 and does not follow l F
2
. Hence, the theoretical challenge of providing a quantitative explanation for this observation remains.
The mechanism by which electron-electron scattering in Fermi liquids causes T 2 resistivity is not well understood. Previously, T 2 resistivity in Fermi liquids was observed in systems with a large single-component Fermi surface (such as La 1.7 Sr 0.3 CuO 4 ) or those with small multicomponent surfaces (such as bismuth or graphite). In each case, one of the scenarios shown in Fig. 4 could be ruled out, but one could still invoke either the multiplicity of reservoirs or the relevance of Umklapp processes. However, in the case of extremely dilute SrTiO 3-d , no room is left for either of the two. An Umklapp event cannot occur unless the largest available Fermi wave vector is one-fourth the size of the smallest vector of the reciprocal lattice, G. By a rough estimation, this corresponds to a carrier density of 2 × 10 20 cm
, and Umklapp scattering may cause the hump in the energy dependence of A(E F ) near 10 meV (see Fig. 2C ), which corresponds to this carrier concentration. However, we find that A is still growing when k F becomes 30 times smaller than G.
In the specific case of doped SrTiO 3 , an explanation of the T 2 resistivity may invoke the polaronic nature of the quasi-particles (13) or the distorted structure of the Fermi surface (17) . Beyond this particular case, our results highlight the absence of a microscopic theory for momentum decay through electron-electron scattering in different Fermi liquids. A magnetic domain boundary on the surface of a three-dimensional topological insulator is predicted to host a chiral edge state, but direct demonstration is challenging. We used a scanning superconducting quantum interference device to show that current in a magnetized topological insulator heterostructure (EuS/Bi 2 Se 3 ) flows at the edge when the Fermi level is gate-tuned to the surface band gap. We further induced micrometer-scale magnetic structures on the heterostructure and detected a chiral edge current at the magnetic domain boundary.
The chirality of the current was determined by magnetization of the surrounding domain, and its magnitude by the local chemical potential rather than the applied current. Such magnetic structures provide a platform for detecting topological magnetoelectric effects and may enable progress in quantum information processing and spintronics.
T he metallic surface of a three-dimensional topological insulator (3D-TI) is protected by time-reversal symmetry (TRS). Breaking TRS opens a band gap on the surface Dirac cone and transforms it into a Chern insulator (1-4). TRS-broken surface states are predicted to exhibit topological magneto-electric effects (1) and, when coupled with a superconductor, Majorana fermions (5-7). Just as the surface Dirac cone is a signature of the nontrivial topological bulk band structure of a time-reversal invariant 3D-TI, bulk-boundary correspondence dictates that the TRS-broken surface states with a nonzero Chern number manifest as a gapless chiral edge state (CES) at its boundary (1) . In the special case where the boundary is the edge of the sample surface, a CES along the edge leads to a quantized Hall conductance equal to e 2 /h, where e is the electron charge and h is the Planck constant, even at zero magnetic field. This quantized anomalous Hall conductance was observed only in a 3D-TI doped with a high concentration of magnetic impurities to break TRS, with the measurements performed at very low temperatures to achieve ballistic transport between contacts (8, 9). More generally, a CES theoretically should exist at a magnetic domain boundary (1, 10), which does not need to be the physical boundary of the system. In this case, the presence of a CES changes only the local conductivity and therefore does not contribute to the conductance of the system (11) . The CES at a magnetic domain boundary can be used to investigate 1D quantum transport without edge effects (12) (13) (14) , to induce a parity anomaly (4), or to realize magnetically defined quantum bits (15) .
Inducing magnetism on the surface of a TI through proximity to a ferromagnet provides an alternative strategy for breaking the TRS on the surface states without disrupting the bulk. Previous bulk magnetic and transport measurements (16) revealed some evidence of enhanced magnetization at the interface of a heterostructure composed of EuS, a known ferromagnetic insulator (FMI) (17) (18) (19) , and Bi 2 Se 3 , a prototypical TI (20) (21) (22) (23) (Fig. 1A ). For our experiments, a Hall bar was etched through the bilayer using a shadow mask (Fig. 1B) for transport measurements. The Curie temperature of the EuS (10 nm)/Bi 2 Se 3 (5 nm) heterostructure was previously found by magnetoresistance and bulk magnetic measurement to be approximately 15 K (16, 24) , comparable to that of bulk EuS (17) .
We employed scanning superconducting quantum interference device (SQUID) microscopy ( Fig.  1A) , a sensitive probe for detecting magnetic flux from magnetic domains or current on the mesoscopic scale (25, 26) , to search for the chiral edge states in a EuS/Bi 2 Se 3 heterostructure (Fig.  1B) . The pickup loop (Fig. 1A) was integrated into a two-junction SQUID that converts the flux through the loop (F) into a voltage signal (27) (28) (29) . Flowing a current (I F ) through the field coil (Fig. 1A) provided a local magnetic field for either susceptometry measurement (dF=dI F ) or to manipulate magnetic domain structures in our bilayers (Fig. 1A) . Current magnetometry (F 0 I =I AC ) was performed simultaneously with direct current (DC) magnetometry by measuring the component of the flux through the pickup loop that is locked to the frequency and in phase (F I 0 ) with the alternating current (AC) source-drain bias current (I AC ).
A typical magnetometry micrograph (Fig. 1C ) of the sample under zero field cooling displayed micrometer-scale patches of magnetic domains at the base temperature of 4 K. Such magnetic features disappeared at 19 K (Fig. 1C, inset) , consistent with the Curie temperature of these samples (16, 24) . The etched area of the Hall bar showed zero magnetization (Fig. 1C) and susceptibility (Fig. 1D) . The much-reduced susceptibility of the film at 21 K (Fig. 1D, inset ) was also consistent with its ferromagnetic nature. To break the TRS at the EuS/Bi 2 Se 3 interface with magnetization, we applied a uniform out-of-plane magnetic field of 30 G while cooling the sample from 18 K to 5 K (30). After field cooling, the magnetic structure close to the edge of the Hall bar, as determined from scanning susceptometry ( Fig. 2A) , showed a change of magnetization from the film side to the substrate side; this indicated that the out-of-plane magnetic field induced, on average, a mixture of out-of-plane and in-plane remnant magnetization (31) . The lateral variation of magnetization along the edge may be caused by the inhomogeneity of the film and some domain structure (31) . The magnetic field from the magnetization is less than 1 G (31) and is too small to induce any observable Landau levels (32) at 4 K.
To determine how current flows around the edge of a Hall bar when it is magnetized, we simultaneously performed magnetometry (measurement of the static magnetic field) and current magnetometry (lock-in measurement of the magnetic field produced by the applied current) at various back-gate voltages V G (Fig. 2) . Although the magnetometry images did not change as a function of V G (Fig. 2, A to C) , current magnetometry images strongly depended on V G (Fig. 2,  D to F) . We found a current magnetometry pattern with both positive and negative polarity developing along the edge as the back-gate voltage was tuned to be more negative (Fig. 2D) . The current magnetometry pattern reached a maximum at V G = -220 V (Fig. 2E) . The pattern became weaker with decreasing V G and completely disappeared at V G = -350 V (Fig. 2F) . The cross sections normal to the edge from these images (Fig.  2G) clearly exhibited a field profile consistent with an edge current developing when the Fermi level is gate-tuned to the surface band gap induced by magnetism (25) . The extracted current density from the flux image at V G = -220 V indicates that the edge current appears to be confined to the edge with a full width at half maximum (FWHM) width of 4.1 mm (Fig. 2H) , which is likely resolution-limited for the 3-mmdiameter pickup loop at a scan height of~1 mm in this particular measurement (31) .
Having demonstrated the existence of edge states at the physical boundary of the heterostructure, we investigated whether there were any CESs at a magnetic domain boundary. We applied DC to the field coil at 12 K while scanning the field coil in a square (Fig. 3A) to write a magnetic structure with two opposite out-of-plane SCIENCE sciencemag.org 28 magnetizations next to each other and away from the edge (31) .
To investigate the current around this magnetic structure, we performed current magnetometry with source-drain voltage biased both ways (Fig. 3) . The reversal of the bias voltage does not cause any change to the induced magnetic structure (Fig. 3, A and B ). For the current flowing in a conventional metal, the direction of the current and therefore its magnetic field reverses sign when the source-drain bias is reversed ( fig. S4 ). Such nonchiral current is present in our TI-FMI heterostructure: On the left side of the images in Fig. 3 , C and D, in which average magnetization is zero (Fig. 3A) , as well as in the image with V G = 0 V (Fig. 3E) , there is a linear background that switches sign when the bias current is switched. This is consistent with the out-ofplane magnetic field from a uniform plane current flowing horizontally ( fig. S5A ) and likely comes from the bottom surface or the bulk. The background current is caused by the gradient of chemical potential across the thickness of the Bi 2 Se 3 layer, even when the chemical potential on the top is tuned to inside the energy gap of the surface states by the back-gate voltage (33) , as is also known to happen in 2D quantum spin Hall systems (25) .
In addition, sharp current flux features appeared that, in contrast to the background current, did not switch sign as the voltage bias was reversed (Fig. 3, C and D) . These features, reminiscent of the flux generated by an edge current (Fig. 2E) , appeared along the magnetic domain wall at V G = -220 V (Fig. 3, C and D) but were absent at V G = 0 V (Fig. 3E) , which is consistent with the gate dependence of the edge current (Fig. 2) and suggests their common origin from the states in the surface gap. The sign of these features is opposite (Fig. 3, C and D and bottom domains with reversed magnetizations (Fig. 3A) , indicating the chiral nature of the edge current. These chiral features in current magnetometry disappeared when the temperature was increased to 12 K, whereas the magnetization became weaker but was still present (fig. S6 ). This observation suggests that a strong magnetization is essential to the chiral current features and therefore only the top surface of Bi 2 Se 3 is contributing to such features, because exchange coupling from the FMI layer is short range (34, 35) . In stark contrast, current magnetometry on a trivial semimetal-FMI bilayer showed no such chiral features around a magnetic structure at base temperature, regardless of gating ( fig. S4) .
The average of the current magnetometry images with opposite source-drain bias canceled out the nonchiral background current and clearly reveals the chiral features along the magnetic domain boundary in the shape of a square ( fig.  S3B ). We find that the peaks in current magnetometry were approximately described using the out-of-plane magnetic field generated by thin current wires with finite width (31) . The current density (Fig. 3F ) extracted from the current magnetometry image (Fig. 3D) (25) confirmed this picture of chiral edge current surrounding the magnetic domain boundary with chirality determined by magnetization of the domain. Because the magnetization that we induced with the field coil was below the saturation magnetization of similar films (16) , there could be domains beyond the resolution of the pickup loop inside the magnetic structures (Fig. 3A) . However, the chiral current from these smaller domains only reduces the average intensity of chiral features in current magnetometry in a similar fashion that these domains reduce the average magnitude of magnetization detected by the pickup loop (31) .
To identify what determines chiral current intensity, we performed current magnetometry on the magnetic structures induced at various positions along the Hall bar, where the electrochemical potentials (m) differ (Fig. 4) . Magnetic structures were induced at different locations along the Hall bar (Fig. 4A and fig. S12 ) by cooling the sample from 15 K while applying DC current to the field coil (31) . The current magnetometry images (Fig. 4 , B to G) correspond to such structures induced on the left of the Hall bar close to the source contact (Fig. 4 , B and C), in the middle of the Hall bar (Fig. 4, D and E) , and on the right of the Hall bar close to the drain contact (Fig. 4, F and G) . Although the sign of the current features was the same for all configurations (at V G = -200 V) (Fig. 4 , B to G), as expected from a chiral effect, the intensity was strongly position-dependent. For the magnetic structure close to the source, the intensity of the current features was stronger when the voltage bias was on the source (Fig. 4B ) than when the bias was on the drain (Fig. 4C ). This behavior was reversed for the magnetic structure close to the drain (Fig.  4, F and G) , whereas the middle structure displayed approximately equal intensity when the voltage bias was switched (Fig. 4, D and E) .
Because the location of the application of the voltage bias does not change the total current flowing through the Hall bar, the positiondependent current flux intensity suggests that m rather than the bias current I AC determined the chiral current intensity. m at each location was linearly proportional to the position along the Hall bar because the Hall bar's length is much longer than the typical electron mean free path (Fig. 1B and fig. S12D ). This dependence on m is reminiscent of the chiral edge current in a quantum Hall state, where the domain boundary is the edge of the sample (34) . Current flowing along each edge is proportional to the m of the contact from which the charge is emitted. Meanwhile, the total bias current depends on the difference in m between the source and drain contacts. If the voltages on the contacts are equal, then there will be no net current, but there will be a circulating edge current with a magnitude dependent on SCIENCE sciencemag.org 28 When the magnetic structure is closer to V AC than to the ground, the modulation of m is larger, yielding the stronger chiral feature in current magnetometry. (H) Band structure of the surface states (SS) and the CES around a magnetic domain boundary. Arrows indicate the direction of spin polarization, and the color coding of the surface states indicates how their momentum-dependent spin texture is modified by the magnetization of the top EuS layer from in-plane (green and magenta) to out-of-plane (blue and yellow). The AC biased source-drain voltage V AC = V 0 sin(wt) modulates the electrochemical potential m, which is proportional to the magnitude of the edge current.
the source-drain voltage relative to the back-gate voltage (11) .
In our TI-FMI heterostructure, the drop of m across the magnetic structure was small compared with the drop of m across source and drain (due to the ratio of their lengths), and therefore the local m determined the magnitude of the chiral edge current. Because current magnetometry is a lock-in measurement (31), the measured magnetic response from the chiral current is proportional to the modulation of the local m when the Fermi level is in the surface gap. When the domain boundary is close to the alternating AC voltage bias (Fig. 4, B and G) , m is more strongly modulated than when it is close to the ground (Fig. 4, C and F) , yielding a stronger chiral current intensity in current magnetometry (Fig. 4H) . The magnitude of the extracted current I (fig. S5B ) along the magnetic domain boundary (31) is in agreement with calculations of the current carried by one spin-polarized edge mode in the ballistic transport regime I = em/h (11, 35, 36) .
Our results not only demonstrate the existence of CES at the magnetic domain boundary of a TI but also establish a versatile platform in scanning SQUID microscopy for imaging and manipulating broken TRS TI surface states on the mesoscopic scale. The broken TRS state and its chiral edge will be a playground for exploring interaction between TIs and FMIs (37) (38) (39) (40) .
